ABSTRACT In this paper, we experimentally demonstrated the high-speed low-cost mode-divisionmultiplexed (MDM) discrete multi-tone (DMT) signal transmission based on cylindrical vector beam (CVB) multiplexing over few-mode fiber (FMF) with intensity modulation and direct detection (IM/DD) utilizing electro-absorption modulated laser (EML). Two CVBs (TM01 and TE01 modes) are employed for signal transmission simultaneously with the minimum mode isolation of 16.7 dB between them after transmission over 5 m 4-mode FMF. The digital discrete Fourier transform-spread (DFT-spread) and pre-equalization techniques are implemented in transmitter to improve the system performance. By adopting the proposed schemes, the 240 Gbit/s DFT-spread DMT signal has been transmitted successfully over 5 m FMF below the bit-error-ratio (BER) of 3.8×10 −3 which is the hard-decision forward-error-correction (HD-FEC) threshold. The required received optical powers (ROPs) of the two CVBs (TM01 and TE01 modes) are −7.27 dBm and −7.15 dBm, respectively. The experimental results show that CVB-based multiplexing technology combined with advanced modulation format could be a potential candidate for high-speed low-cost server backplane optical interconnection.
I. INTRODUCTION
High-speed backplanes are important component of modern interconnect system. These backplanes are widely used in large communication equipment, high-performance servers, supercomputers and high-end storage equipment [1] etc. Under the requirements of even shorter communication distances (1m to a few meters), lower power consumption and lighter heating for future backplane, the short-reach optical
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interconnection with low-cost and huge bandwidth that could be a more cost-effective solution [2] . Due to the ever-growing emerging applications such as Internet of Things (IoT), cloud-centric network services, as an intermediary between parent plane and sub-plane, the data rate of each channel is targeting beyond 100G [3] .
To increase the data rate and transmission capacity, a lot of technologies can be applied, such as wavelength division multiplexing (WDM) [4] , polarization division multiplexing (PDM) [5] and advanced modulation formats including pulse amplitude modulation (PAM) [6] , carrier-less amplitude/ FIGURE 1. The experimental setup of the DFT-spread DMT CVB-based transmission over FMF link. DAC: digital-to-analog converter; EA: electrical amplifier; EML: electro-absorption modulated laser; EDFA: erbium-doped fiber amplifier; PC: polarization controller; PM-OC: polarization-maintaining optical coupler; ODL: optical delay line; PBC: polarization beam combiner; PBS: polarization beam splitter; Q-P: q-plate; FMF: four-mode fiber; PC-FMF: polarization controller based on four-mode fiber; PD: photo-diode; OSC: oscilloscope; VOA: variable optical attenuator; COL: collimator. B2B: back to back.
phase modulation (CAP) [7] , [8] and discrete multi-tone (DMT) [8] etc. DMT is a multi-carrier scheme derived from orthogonal frequency division modulation (OFDM), its signals considered as a special type of OFDM signals with the imaginary part is equal to zero [9] , [10] . Due to its high tolerance to chromatic dispersion (CD) and polarization mode dispersion (PMD), DMT is estimated as the most effective technology [11] , [12] . However, as a defect of multiorthogonal subcarrier structure, the peak-to-average power ratio (PAPR) problem makes the DMT signal vulnerable to the nonlinear effect of optical fiber [13] . To alleviate the PAPR of DMT signal simultaneously, DFT-spread technique is utilized to extend orthogonal subcarriers, which effectively reduce the probability of peak signal formation [14] . And the power fading in high frequency caused by some key components (such as DAC, EA etc.) is compensated by digital reference pre-equalization technique [15] , [16] . At the same time, the optical spatial division multiplexing (SDM) technology, which is the last physical dimension to increase transmission capacity, has been studied widely in short-reach optical interconnection in terms of its flexibility and low cost [17] , [18] . As one category of SDM, mode division multiplexing (MDM) has also been studied recently [19] . For example, orbital angular momentum (OAM) [20] , linearly polarized mode (LPM) [21] and cylindrical vector beam (CVB) [22] have been demonstrated in MDM-based shortreach optical interconnection as the individual channels. Among of them, CVBs are distinguished by their spatially inhomogeneous states of polarization, such as radial and azimuthal polarization, which could be used to increase the transmission data rate [23] , [24] . Besides, the CVB modes are the eigenmodes of an optical fiber, which could perform good transmission efficiency and stability [25] , [26] . It has been demonstrated that CVB-based signal transmission over FMF with a maximum data rate of 96 Gbit/s in a low-cost IM/DD system [27] . Nevertheless, the data rate of these systems should be further improved to meet the ever-growing traffic demand. In addition, most previous demonstrations used the Mach-Zehnder modulator (MZM) for external modulation, which will increase the cost of the system [27] , [28] .
In this paper, the 240 Gbit/s CVB-based MDM transmission over few-mode fiber (FMF) utilizing low-cost electroabsorption modulated laser (EML) and DFT-spread DMT modulation has been demonstrated. Two CVBs (TM01 and TE01 modes) are employed for signal transmission simultaneously with each vector mode carrying 120 Gbit/s 16QAM-DMT signal. The minimum mode isolation is 16.7dB between the two orthogonal modes after transmission 5 m FMF. The same power penalties of 1.1 dB between the back-to-back (B2B) and CVB-based MDM transmission have been measured at the HD-FEC threshold with quadrature phase shift keying (QPSK) modulation format. Meanwhile, the power penalties of 1.17 dB and 1.05 dB respectively for the two mode channels have been found when 16 quadrature amplitude modulation (16QAM) modulation applied. DFT-spread and pre-equalization technique have been experimentally discussed independently for DMT signal transmission. To the best of our knowledge, this is the highest data rate signal transmission over FMF based on low cost EML CVB multiplexing. The experimental results show that CVB-based MDM DMT signal transmission could be a potential candidate for high-speed low-cost server backplane optical interconnection.
II. TRANSMISSION SETUP
The experimental setup of CVB-based DFT-spread DMT transmission over FMF link is shown in Fig. 1 . The generated DMT signal is uploaded into Fujitsu digital-to-analog converter (DAC) with a sampling rate of 86 GSa/s and 16 GHz 3-dB bandwidth. The DC-coupled DMT signal from bias-tee is then modulated on an optical carrier at 1538.48 nm emitted from an EML with 30 GHz 3-dB bandwidth. Then the output signal from DAC is amplified by a single-ended 30 GHz driver with 20-dB gain. A low noise erbium-doped fiber amplifier (EDFA) is employed to amplify the optical signal. A polarization controller (PC) is inserted after EDFA to adjust the polarization and intensity of the output beam. It is essential to obtain ideal output beam performance. After that, the optical signal is divided into two branches by a 3-dB polarization-maintaining optical coupler (PM-OC). And two beams must be mutually orthogonal due to the Q plate is a polarization-sensitive device, a polarization-maintaining fiber (PMF) based optical delay line (ODL) is added in one of branches to remove the correlation between X-polarization and Y-polarization. Then, the two independent signals are combined by a polarization beam combiner (PBC) for data transmission. The first q-plate (Q-P1) is used for CVBs generation (TE01 mode and TM01 mode). The intensity profiles before and after the Q-P1 are shown in inset (i) and inset (ii) as the doughnut feature. After transmission over the 5m FMF, a FMF-based PC (PC-FMF) is connected to adjust the polarization and intensity pattern of the output beams. (Here, the used four-mode fiber (4-mode FMF) with a core diameter 2a = 19 µm, a cladding diameter 2b = 125 µm, a core index of 1.449 and a cladding index of 1.444, can support vector modes of HE11, TE01, HE21, TM01, HE31, EH11 and HE12 at 1550nm.) Inset (iii) shows the intensity profile after transmission over 5 m FMF. After that, the output beams pass through the second q-plate (Q-P2) to convert the CVBs into fundamental mode. Inset (iv) shows the image of the de-multiplexed CVBs. Finally, the two demultiplexed orthogonal polarization channels are split by one polarization beam splitter (PBS). The optical signals are attenuated by a variable optical attenuator (VOA) and detected by a photo-diode (PD) MPRV1332A with 40 GHz 3-dB bandwidth to realize the photoelectric signal conversion. The converted electrical signal is captured by a LeCroy 80-GSa/s real time oscilloscope (OSC) and processed off-line in MATLAB.
The diagram of the digital signal processing (DSP) blocks for 30-GHz DFT-spread DMT signal generation and reception are presented in Fig. 2 . In the transmitter, the 16-QAM DFT-spread DMT signal is generated off-line in MATLAB with pseudorandom binary sequence (PRBS). After that, additional 714-point DFT is performed to reduce the PAPR of DMT signal and improve the system BER performance. Then 5 deterministic DMT symbols are inserted as training sequences (TSs) for receiver synchronization and post equalization, and Zero-Forcing (ZF) based pre-equalization is implemented to compensate the bandwidth limitation. After complex conjugation, signal transformation from frequency domain to time domain is realized by 2048-point inverse fast Fourier transform (IFFT), and 32-point cyclic prefix (CP) is added for CD tolerance. Figure 3 illustrates the complementary cumulative distribution function (CCDF) of PAPR for DFT-spread DMT and conventional DMT (CDMT) signal. Obviously, the DFT-spread technique effectively reduces the PAPR of DMT signal by 2.5 dB at a probability of 1×10 −3 . At the receiver, the off-line DSP include synchronization, optional adaptive notch filter (ANF) based narrowband interference cancellation, CP removing, 2048-point FFT, addition 714-point IFFT, Zero-Forcing based post equalization and 16-QAM signal demapping. At last, the BER of DMT signal is calculated by simply direct error counting with 110 DMT symbols (714 × 110 × 4 = 314160 bits).
III. EML-BASED CVB PROPERTIES
Considering the q-plate is fabricated by a liquid crystal, which has an inhomogeneous birefringence axis in the xy plane distribution as o (x, y) . the angle between o(x, y) and the x axis can be expressed as [29] :
where r, ϕ are the polar coordinates in the transverse plane, q and α 0 are constants. Based on the analysis, if the incident wave is horizontal or vertically polarized, the output beams will show radial or azimuthal polarization distributions (namely, TM01 and TE01 modes) when the q-plates were the same as in [30] . Fig. 4 shows the intensity profiles of the two EML-based CVBs (TM01, TE01 modes) with different polarizer orientation before (Fig. 4(a) ) and after (Fig. 4(b) ) transmission over 5m FMF. By rotating the linear polarizer (LP) with different angle placed in front of the charged-coupled device (CCD) camera, we obtained the polarization distribution profile of CVB channels. As shown in the Fig. 4 , it can be obviously found that the generated TM01 and TE01 modes of EML have the desired performances.
IV. TRANSMISSION RESULTS AND DISCUSSIONS
The electrical spectra of 30 GHz CVB-based DFT-spread DMT signals without and with pre-equalization after transmission over 5m FMF are shown in Fig. 5(a) and 5(b) respectively. It can be seen that the high frequency power attenuations have been perfectly compensated after pre-equalization. And the same conclusion can be found in the optical spectra of CVB-based DFT-spread DMT signal without and with pre-equalization, as shown by red and black line in Fig. 5(c) , respectively.
To verify the effectiveness of the coordinated DFT-spread and pre-equalization technique for CVB-based DMT signal transmission, four types of 16QAM-DMT signals, including conventional 16QAM-DMT, DFT-spread 16QAM-DMT, 16QAM-DMT with pre-equalization and DFT-spread 16QAM-DMT with pre-equalization, have been transmitted over the 5 m FMF. Received constellations of four types of DMT signals are shown in Fig. 6 . Compared with other three types of 16QAM-DMT signals, DFT-spread 16QAM-DMT signals with pre-equalization manifested the best BER performance which had most concentered constellation as shown in Fig. 6(d) .
Meanwhile, as one important parameter, the Q factor is always used to measure the system performance from the other aspect. In general, the standard relationship between Q 2 -factor and BER can be expressed as follow [31] :
Under the same received optical power (ROP) at −4.29dBm, 1.39 dB and 2.58 dB Q 2 -factor improvements are obtained when DFT-spread technique and DFT-spread coordinated pre-equalization are adopted, respectively. According to the above analysis, the transmission performances of DFT-spread coordinated pre-equalization have been demonstrated as shown in Fig. 7 . It shows the measured BER versus ROP for CVB-based DFT-spread DMT signal with two modulation formats of QPSK and 16 QAM. In the case of QPSK, we can see from Fig. 7(a) that the ROP is lower than that of 16QAM, which means that higher data rate or longer transmission distance can be achieved with a greater acceptable power penalty. Meanwhile, the BERs of two vector modes are measured at the HD-FEC threshold with the same 1.1 dB power penalties between the back-toback (B2B) and after CVB-based MDM transmission. When 16QAM is employed, there are 1.05 dB and 1.17 dB power penalties respectively which show the same performance except the increased ROP.
V. CONCLUSION
In conclusion, we experimentally demonstrated the transmission of high-speed CVB-based mode division multiplexing DMT signal over FMF utilizing a low-cost EML. Two CVBs (TM01 and TE01 modes) are employed for signal transmission simultaneously. The high frequency power fading is compensated by employing pre-equalization in transmitter and the digital DFT-spread scheme is introduced to further enhance the transmission performance. By adopting the proposed schemes, the 240 Gb/s DFT-spread DMT signal has been transmitted successfully over 5 m FMF. The respective ROPs of two CVBs (TM01 and TE01 modes) are −7.27 dBm and −7.15 dBm at BER of 3.8×10 −3 . The experimental results show that CVB-based multiplexing technology combined with advanced modulation format could be a potential candidate for high-speed low-cost server backplane optical interconnection.
